This paper provides a self scheduling tool for price taker Gencos. This methodology is based on Robust Optimization (RO) to deal with the uncertainties of market price values in the dayahead electricity pool market. The Genco is assumed to be the entity who decides about the operating schedules of its thermal units and Compressed Air Energy Storage (CAES) units. The benefits of Genco brought by smart grid technology and energy storage systems are investigated in this work. The applicability of the proposed method is analyzed through different scenarios.
A. Motivation and Approach
There are different players in a day-ahead pool market such as consumers, retailers, ISO and generating companies. The electricity price is determined based on the offering strategies of Genco entities [1] , bidding strategies of consumers and finally the technical condition of the electric network. The benefits of Genco (which is inherently a profit maximizer entity) basically depend on these values and determine the operating schedule for it. In competitive electricity markets, power suppliers are required to submit to the market operator their bid quantities and prices, usually one day before real-time operation. On the other hand, the values of electricity prices during the upcoming day are uncertain parameters. The only decision variables of a price taker Genco are the operating schedules of the generating units it owns. In this context, the self scheduling problem of a price taker Genco is defined as the optimal scheduling strategies of Genco's generating assets in favor of profit maximization while the values of electricity prices are unknown. The main problem is handling the uncertainties of price values. There are some mathematical and physical tools to reduce the impact of ambiguity about price quantities. The physical tools are smart grid technology and energy storage systems. The mathematical tools for handling the uncertainties can be categorized into some basic groups such as : stochastic modeling tools, Fuzzy arithmetic, Information Gap decision theory (IGDT) [2] , [3] and robust optimization. Among these tools, the robust optimization and IGDT approach need no special knowledge about the probability distribution function or membership function of uncertain parameter under study. A shortcoming with IGDT method is that it is too conservative and the degree of conservativeness cannot be controlled by the decision maker. An efficient procedure is needed to combine these physical and mathematical tools to achieve an optimal self scheduling solution. This is the inspiration of this work.
B. Literature Review 1) Self scheduling problem: Different studies have already tackled the self scheduling problem. In [4] , the self scheduling of a hydro based Genco is analyzed with an emphasize on various technical constraints of hydro units. The concept of risk minimization along with profit maximization is the inspiration of many self scheduling researches [5] , [6] . A fuzzy approach for benefit maximizing while the demand, reserve services, market prices, and probability that reserves are called and generated are uncertain quantities [7] .
2) Smart grid paradigm: The context of a smart network can enhance the self scheduling procedure for Genco. It can provide useful information about the accepted prices of the price maker Gencos playing in pool market. This would decrease the uncertainty level of price values for Genco and can lead to a better outcome. This is mainly because the Genco can modify its actions as the time goes on by being informed about the price values on hourly basis as shown in Fig.1 .
3) Energy storage systems: The energy storage units are mainly used to insure the reliable and satisfactory operation of the power systems at presence of renewable energy technologies [8] . One of efficient methods used for energy storage is Compressed Air Energy Storage (CAES) units [?] . In a CAES, the air is compressed and stored in some large reservoirs and released when needed to drive a gas turbine generator [9] . The successful utilization of CAES units has been reported in regulating wind power variation and increasing wind energy integration [10] , voltage stability [11] and reliability improvement in distribution networks [12] and Security-constrained unit commitment with wind generation [13] .
4) Robust optimization: The robust optimization was first proposed by Soyster [14] . The shortcoming associated with formulation proposed in [14] is that it's too conservative. In [15] , Bertsimas proposed a method for solving robust optimization with an adjustable degree of conservativeness using a so called "budget of uncertainty", i.e. Γ, parameter. Suppose an optimization problem in the following form:
Subject toH(X,D) ≤0
whereX andD are decision variables and input data of the problem. TheD vector is subject to uncertainty. The robust optimization method is defined as optimizing F with all possible realizations of uncertain dataD [16] . The applications of robust optimization are reported in the literature in various areas such as: contingency-constrained unit commitment [17] , offering Strategy [18] , integration of plug-in hybrid electric vehicles (PHEVs) in to the electric networks [19] . The contributions of this research are summarized as follows:
• A robust optimization technique is proposed for dealing with electricity price uncertainty without any PDF or membership function available. • The impact of using smart grid technology on Genco's benefits is investigated.
• The use of air compressed energy storage is analyzed. The remaining of the paper is organized as follows: the problem formulation is described in section II, the proposed method is presented in section III. Simulation results are given in section IV and finally, the paper is concluded in section V.
II. PROBLEM FORMULATION

A. Uncertainty modeling of electricity price
Different methods are proposed in the literature for modeling the uncertainties of electricity price values like: probabilistic [20]- [22] or fuzzy methodologies [7] . In all these methods a probability density function or membership function is required for describing the nature of uncertainty but in case of severe uncertainty no such data is available for Genco. In this work, it is assumed that the electricity price values belong to an uncertainty set without any specific information about the probability distribution function of them. The electricity price λ t is assumed to be as follows [23] :
B. Total cost of energy production
The operating cost of thermal units is defined as [24] , [25] :
C. Thermal unit constraints [26] 1) Generation limits of units
2) Ramp up/down constraints The output of thermal generator units can be different in t and t + 1 but this decrease/increase should remain within certain limits for technical reasons as follows:
3) On/off states
4) Minimum up/down time
D. Compressed Air Energy Storage unit constraints
The technical constraints of CAES are described as follows [13] :
• The CAES unit in time t is either in storing, generating or idle mode. This is modeled as follows:
When U s t / U g t is 1 then the CAES is operating in storing/generating mode. If U s t & U g t are 0 then the CAES is operating in idle mode. • The released/stored air in CAES in time t should be within its operating limits as:
• The total stored air in CAES in time t depends on the capacity of CAES and also the storing/releasing volume of air in the previous hours.
• The generated/stored power of CAES depends on the released/stored air in CAES and also the efficiency of the system for energy conversion as follows:
E. Objective function
The objective function of Genco is maximizing its profit which is defined as the sold energy in the market minus the operating costs, as follows:
The Genco should choose the best strategy for storing/selling its energy in the pool market. Since the values of electricity prices are subject to uncertainty then an efficient tool is needed to deal with them. This tool is described in section III.
III. PROPOSED ROBUST OPTIMIZATION APPROACH
A. Concept of robust optimization
Consider a linear version of (1) as follows:
Subject to AX ≤B whereQ is the uncertain coefficient of decision vectorX and theQ T is the transposed vector of Q. The decision maker just knows some basic information about the values ofQ. U (Q) is a set describing all possible outcomes ofQ as :
where q t are the components of Q and q min t , q max t define the lower and upper bound boundaries for q t , respectively. Assuming that the uncertainty set is symmetrical then it is reasonable to consider the Qmin+Qmax 2 as the predicted value ofQ and call itQ p . The robust counterpart of (22) is defined as follows:
AX ≤B
Based on the method proposed in [27] the equations (24) to (27) are transformed as follows:
It is interpreted as follows: there are N t uncertain coefficients (q t ).
The decision maker can be very optimistic about predicted values of q t which is called q p t or too pessimistic about them (all values of q i become q min t ). The formulation provided in (28) enables the decision maker to regulate the degree of conservativeness from being too optimistic (Γ = 0) to too pessimistic (Γ = 100%). Actually the value of Γ states that how percent of the prediction is allowed to be false.
B. Self scheduling in smart grid paradigm
In this paradigm, the GenCo is allowed to re-schedule its generation during the day (intra-day rescheduling) while this rescheduling is not allowed in some electricity markets. The robust counterpart of optimization problem defined in (21) is described as follows:
As it is clear in (32) the decision variables of Genco are the operating schedule of its thermal and CAES units from t = 1 to t = 24. In this case, just one optimization is performed while the price values are uncertain from t = 1 to t = 24. The number of decision variables is as follows: 2 * N i * (24) for thermal units (generating schedule +on/off state for each unit)+ 4 * N c * (24) for CAES units (generating/storage schedule + storing/generating state for each unit) + 1 for β + (24) for ξ t which would be equal to (2 * N i + 4 * N c + 1) * (24) + 1. The parameters N c ,N i are the number of CAES and thermal units, respectively.
C. Self scheduling in Non-smart grid paradigm
If the Genco uses the smart grid facility (as depicted in Fig.1 ) then it will be informed about the actual market clearing price until time t = h. In hour h, one optimization is done to find the operating schedule of units in the remaining hours of the day (t = h to t = 24). The price values of time t = h is equal to λ a t=h whileλ t=h+1:24 are uncertain. The number of decision variables in time t = h is as follows: 2 * N i * (24−h+1) for thermal units + 4 * N c * (24−h+1) for CAES units + 1 for β + (24−h+1) for ξ t which would be equal to
It should be noted that the value of Γ for a given percent of uncertainty is not necessarily the same in smart grid (SG) and nonsmart grid (NSG) paradigms. The actual Γ value (not in percent) is always equal to Γ(%) * 24 for NSG while in SG the actual value of Γ changes with time. As mentioned before, just one optimization is performed for the day-ahead self-scheduling program in NSG. In contrast, in SG for every upcoming hour one optimization is performed (24 optimizations in total). The actual value of Γ is different in each hour since the number of uncertain price values reduces as the time goes on. For example, in t = h the actual value of Γ is Γ(%) * (24 − h). This is because only the prices of (24 − h) hours are still uncertain in SG.
The problem formulation for smart grid case in time t = h is as follows: The proposed approach is implemented in GAMS [28] environment solved by DICOPT solver running on an Intel R Core TM 2 Duo Processor T5300 (1.73 GHz) PC with 1 GB RAM. It is applied to a 11-units system [29] as described in Table I . The values of electricity prices for the upcoming day are given in Table III [23] . In this work, for getting closer to reality, it is assumed that the Genco can only participate a portion of its capacity in pool market. This might be due to internal demand supply requirements, technical constraints for power injection into the grid, fuel limitations, emission allowance or bilateral contracts as follows:
In this study, the value of η is assumed to be 80%. Imposing this constraint would make the self scheduling problem of Genco more challenging because it should have a robust strategy to sell its limited resources of energy in the market. 
A. Case-I: Robust decision making without CAES
In this case, the Genco tries to sell its energy in pool market without using CAES. Two self scheduling scenarios are analyzed with and without smart grid facility. The Genco should be careful about its total generated energy till hour t. This is mainly due to (38) which limits the total available energy of the Genco. If the price value in hour t is high then the Genco is persuaded to produce and sell its generated power regardless of the price values in the upcoming hours. Since the total available energy is limited and no energy storage device is available then in case the remaining hours of the day experience higher price values, it would reduce the total benefits of the Genco. The total benefits of Genco ($) with different budgets of uncertainty in SG and NSG without CAES are described in Table V . In both SG and NSG cases the benefits of Genco decreases with the increase of Γ and for all values of Γ, in SG is higher than NSG because in SG there are more information available about price values. There is an exception in Γ = 0 that the benefits of Genco in NSG is higher than SG. This is explained as follows: in SG mode, for t 1 the value of price is known and is equal to λ a t but in NSG, the predicted value of price is assumed to be . Since the simulation data shows that λ a t1 ≤
this explains why the benefits of Genco is higher in NSG in Γ = 0. The power schedule of Genco's unit with Γ = 10% in SG and NSG without CAES are given in Table IV .
Imposing the (38) obliges the Genco to use only some of its units in the pool market.
B. Case-II: Robust decision making with CAES
In this case the Genco uses the benefits of CAES and tries to maximize its benefits by storing energy in low price hours and selling it in high price periods. The operating schedules with different budgets of uncertainties in SG and NSG are given in Table VIII ,IX, respectively.
The total benefits of Genco ($) with different budgets of uncertainty in Smart Grid (SG) and non-Smart Grid (NSG) with CAES are given in Table VII .
The marginal benefits of Genco due to use of CAES ($) versus the budget of uncertainty Γ are depicted in Fig.3 . This shows how using the CAES may affect the benefits of Genco in SG and NSG modes. In both cases, the marginal benefit is a positive number but differs in different values of Γ as well as the operating paradigm (SG/NSG). For example, in SG and Γ = 100% the marginal benefit is equal to 250981.71$ for just one day. This would be around 691608324.49$ in a year which may justify being equipped with CAES or any other energy storage utilities for Genco. Since the efficiency of energy conversion in CAES whether it is working in storage or generation mode is not ideal then there are always energy loss in this process. The power schedule of Genco's unit with Γ = 10% in SG and NSG without CAES are given in Table X.  TABLE IV  THE POWER SCHEDULE OF GENCO 
C. Computational performance analysis
The computational performance of the proposed algorithm is analyzed in this section. The CPU time usage (in seconds) for both SG and NSG paradigms are given in Table XI . In NSG case, since the decision making procedure is performed off-line then the computational burden is not of great concern. The maximum time in this framework is 45.887 seconds in Γ = 50%. On the other hand, in SG case the maximum CPU time is 37.811 seconds in Γ = 60% in time t 1 . In this paradigm (SG), usually the computation time is maximum in t 1 because the number of decision variables are maximum in this case.
V. CONCLUSION
A short term self-scheduling method based on robust optimization technique is proposed as a powerful decision making tool for Genco. The proposed model considers the impacts of price uncertainties, smart grid facility and compressed air energy storage units on Genco's benefits. The proposed method is applied to a system to demonstrate its effectiveness. Future work may be extended with modeling the renewable energies and other uncertain parameters affecting the Genco's benefits. t2  t3  t4  t5  t6  t7  t8  t9  t10  t11  t12  t13  t14  t15  t16  t17  t18  t19  t20  t21  t22  t23 t3  t4  t5  t6  t7  t8  t9  t10  t11  t12  t13  t14  t15  t16  t17  t18  t19  t20  t21  t22  t23 
